Laboratory evolution can be used to address fundamental questions about adaptation to selection pressures and, ultimately, the process of evolution. In this study, we investigated the reproducibility of growth phenotypes and global gene expression states during adaptive evolution. The results from parallel, replicate adaptive evolution experiments of Escherichia coli K-12 MG1655 grown on either lactate or glycerol minimal media showed that (1) growth phenotypes at the endpoint of evolution are convergent and reproducible; (2) endpoints of evolution have different underlying gene expression states; and (3) the evolutionary gene expression response involves a large number of compensatory expression changes and a smaller number of adaptively beneficial expression changes common across evolution strains. Gene expression changes initially showed a large number of differentially expressed genes in response to an environmental change followed by a return of most genes to a baseline expression level, leaving a relatively small set of differentially expressed genes at the endpoint that varied between evolved populations.
[Supplemental material is available online at www.genome.org.]
One characteristic of biological systems that is both interesting and difficult to describe is the ability of these systems to adapt and to evolve under various environmental conditions. Because of the numerous advantages of using microorganisms as model systems for studying evolution (Elena and Lenski 2003) , laboratory evolution recently has grown into a standard tool for studying the evolutionary process in a controlled manner within the microbial community (Helling et al. 1987; Wood and Ingram 1992; Lenski et al. 1998; Nakatsu et al. 1998; Massey et al. 1999; Papadopoulos et al. 1999; Wichman et al. 1999; Cooper et al. 2001; Riehle et al. 2001; Shaver et al. 2002) . Despite these efforts, several key questions pertaining to cell biology and evolution remain unanswered (Elena and Lenski 2003) .
One foundational concept in evolutionary biology is the notion that organisms traverse a "fitness landscape" during the evolutionary process (Sauer 2001; Kassen 2002; Elena and Lenski 2003; Orr 2005) . The fitness landscape depicts an organism's fitness in relation to a specific evolutionary environment where regions of improved fitness are depicted by peaks within the landscape and the shape of the landscape itself is determined by genetic and epigenetic factors (Waddington 1940 (Waddington , 1957 Jablonka and Lamb 2002) . A fundamental question associated with this concept pertains to the degree of convergence or reproducibility of the outcome of the evolutionary process. Traditionally, the fitness landscape is depicted as containing multiple peaks of improved fitness, implying the possibility of divergence during evolution. A contrasting perspective proposed by metabolic modeling descriptions suggests that a single global optimal phenotype exists and can be achieved through equivalent usage of the metabolic network (Edwards et al. 2001; Ibarra et al. 2002; Fong et al. 2003; Mahadevan and Schilling 2003) .
In addition to phenotype reproducibility at the endpoint of evolution, much interest is given to determining mechanistic changes occurring during the evolutionary process. To investigate mechanistic changes and variability involved in evolution, quantitative metrics are needed that measure cellular phenotypes on a genome scale. Fortunately, a growing number of technologies are now available to provide quantitative, system-wide biological measurements. For example, gene expression microarrays are used to assess genome-wide mRNA transcript levels. Several evolution studies have used gene expression microarrays to study laboratory evolution (Ferea et al. 1999; Cooper et al. 2003; Riehle et al. 2003) but were only able to draw conclusions based on a small subset of genes because of statistical limitations involved in microarray data analysis (Hess et al. 2001; Nadon and Shoemaker 2002) . Although these statistical issues may always be present to some degree, recent improvements in gene expression arrays (Venkatasubbarao 2004 ) and additional statistical methods based on the false-discovery rate (FDR) (Storey and Tibshirani 2003) allow for the study of larger sets of genes with a higher degree of statistical confidence.
In an effort to study both the phenotypic and the underlying mechanistic changes that occur during evolution, we sought to evaluate the reproducibility of the endpoint of adaptive evolution and to study mechanisms involved in the evolutionary process by conducting parallel, replicate evolution experiments. Evolution cultures were maintained in prolonged exponential growth by daily passage into fresh medium before cultures reached stationary phase (Fig. 1) . Evolution experiments were conducted in two independent growth environments, and cellular phenotypes for all evolution populations were determined by measuring growth rates (GRs), substrate uptake rates (SURs), oxygen uptake rates (OURs), GRs on alternative carbon substrates, and genome-wide transcript levels.
Results
In this study, the process of adaptive evolution was investigated using the wild-type K-12 MG1655 strain of Escherichia coli. Seven evolved populations of E. coli were generated through adaptive evolution both on lactate-supplemented M9 minimal medium and on glycerol-supplemented M9 minimal medium. Using these evolved populations, experiments were conducted to investigate evolutionary changes in terms of growth phenotypes and mRNA transcript levels.
Evolving the growth phenotype
Seven parallel evolution experiments (indexed as Lac2, Lac3, LacA, LacB, LacC, LacD, and LacE) were conducted on L-lactate-supplemented M9 minimal medium at 30°C for 60 days (>1000 generations) and seven parallel evolution experiments (Gly1, Gly2, GlyA, GlyB, GlyC, GlyD, and GlyE) were conducted on glycerol-supplemented M9 minimal medium at 30°C for 44 days (>600 generations). GRs, OURs, SURs, and a biomass correlation were measured for each population at beginning of evolution (wild type), day 20 of evolution, and the endpoint of evolution (day 60 for lactate populations, day 44 for glycerol populations) to track the evolutionary paths of each population. These detailed phenotype measurements allowed the evolutionary paths to be visualized in a three-dimensional fitness landscape where a plane is defined by the SUR and OUR and the GR is graphed on the z-axis as a measure of improved fitness (Fig. 2) .
Results for adaptive evolution on both lactate ( Fig. 2A) and glycerol ( Fig. 2B) showed convergence of the growth phenotype at the endpoint of evolution in six of the seven evolved populations (with outlier populations LacE and GlyC). In both cases, convergence to a similar growth phenotype was exhibited with GRs, SURs, and OURs all within 12% of each other. The coefficient of variation for each parameter was also calculated to objectively evaluate the degree of variability in these measurements, and this calculation showed decreased variance between evolved populations at the endpoint relative to the day 20 measurements (see Supplemental Table 1 ). The observed convergence of the growth phenotypes was particularly striking given the differences in evolutionary paths taken by the different populations and the large fitness increase observed (average GR increase: 135% lactate; 145% glycerol). For populations that exhibited lower GRs (LacE and GlyC), evolution was continued for an additional 10 days (∼170 generations) with no observed increase in growth rate (shown in Figures 4 and 5 , below).
Growth phenotypes on various carbon sources
Additional evolved population phenotype characterization was conducted to determine growth proper- Figure 2 . Fitness landscape depicting phenotype changes during evolution. Measured oxygen uptake rate (OUR, mmol/g-DW/hr) and substrate uptake rate (SUR, mmol/g-DW/hr) values form a plane with improved growth fitness indicated by growth rate (1/hr) on the z-axis. (A) L-lactate evolution populations were characterized at day 1, day 20, and day 60 of evolution. (B) Glycerol evolution populations were characterized at day 1, day 20, and day 44 of evolution. WT denotes the parental wild-type strain and endpoints of evolution are shown with filled symbols. Tables show phenotype measurements for the wild-type (unevolved) and endpoints of evolution with error shown as the standard deviation between replicate measurements. Schematic representation of the experimental evolutionary procedure. Prolonged exponential growth is maintained throughout the course of adaptive evolution by daily passage of cultures into fresh medium prior to entry into stationary phase. Inoculum at time of passage is adjusted to account for increasing growth rates (slope of log plot) over evolutionary time.
ties on nonevolutionary carbon substrates. GRs were measured in replicate for growth on acetate, ␣-ketoglutarate, glucose, glycerol, lactate, malate, pyruvate, ribose, and succinate for each evolved population at day 20 and the endpoint of evolution. These were compared with the GR of the wild-type strain (Fig. 3 ). Results were analyzed to screen for large changes in growth characteristics (>50% increase or decrease). Overall, the evolved populations showed improved growth in most conditions tested (77 of 126 conditions at day 20 of evolution and 96 of 126 cases at evolutionary endpoints). Evolved populations showed highly variable growth characteristics on these nonevolutionary carbon substrates at day 20 of evolution when growth phenotypes on the primary evolution substrate were most divergent. In particular, the seven glycerol evolution populations showed differences from each other at day 20 of evolution when grown on acetate, ␣-ketoglutarate, lactate, malate, ribose, and succinate. The seven lactate evolution populations showed the most differences from each other when grown on ribose at day 20 of evolution. By the endpoint of evolution, growth characteristics were similar between populations evolved on the same substrate.
mRNA transcriptional profiling
To study mechanisms involved in adaptive evolution and the dynamics of these underlying changes, mRNA transcriptional profiling was performed on day 1, day 20, and at the endpoint of evolution for all evolution populations. For each set of evolution populations (lactate and glycerol), two different baseline expression profiles were used to independently investigate the effects of changing the growth environment and the effects of adaptive evolution. First, all expression profiles for the evolution populations were compared with a wild-type glucose expression profile to determine expression changes that were associated with the shift in growth condition from glucose to lactate or glucose to glycerol (see schematic in Fig. 6, below ). An additional set of parallel analyses was focused on determining changes that occurred over the course of evolution by using the day 1 expression profile for each evolution population as the baseline profile. In all analyses, statistically significant gene expression changes were identified by t-test with a P-value cut-off corresponding to a 5% FDR (Benjamini and Hochberg 1995) .
The expression changes associated with the growth environment shift revealed a large-scale initial gene expression response that was observed at day 1 of evolution for both the lactateevolved (Fig. 4) and the glycerol-evolved (Fig. 5) populations. This growth shift at day 1 of evolution resulted in 1687 genes (39% of total genes) showing a significant change in gene expression in the glycerol populations and 756 genes (18% of total genes) showing a significant change in the lactate populations. For both sets of evolved populations, this large initial change in gene expression was followed by a dramatic decrease in the number of differentially expressed genes at day 20 and at the endpoint of evolution. On average, 770 genes (18% of total genes) in the glycerol populations showed significant expression changes at day 20 of evolution, and 498 genes (11% of total genes) exhibited significant expression changes at day 44 of evolution. The lactate populations averaged 194 significant, differentially expressed genes at day 20, and 323 genes (7% of total genes) showed significant expression changes at day 60 of evolution. Thus, most genes showing an initial change in transcript level return to the pre-evolution transcriptional state at the endpoint of evolution. In the case of the two phenotypic outlier populations, GlyC and LacE, both populations had very few genes that showed a significant change in expression at day 20 and each had the fewest number of genes (113 and 30 genes, respectively) showing a significant expression change at the end of evolution within each set of evolutions.
Using the day 1 expression profiles for each set of evolution experiments as a baseline, we also studied the gene expression changes that arise during the course of adaptive evolution (Categories 1 and 3 in Fig. 6 ). Of the evolutionary gene expression changes identified, we sought to distinguish between compensatory gene expression changes and those that could be linked to evolutionary phenotypic improvements and thus were adaptively beneficial. Overall, approximately 87% of the category 1 gene expression changes (involving hundreds of genes) were compensatory expression changes, meaning that the gene expression change during evolution was roughly equal in magnitude but opposite in direction to a gene expression change that occurred at day 1 of evolution in response to the environmental shift. These gene expression changes may have occurred as part of general, nonspecific initial response that was later compensated for by adaptive responses. Growth rate characterization of evolution populations on nonevolutionary substrates. Columns indicate individual populations grouped by the day of evolution and evolution substrate used. Rows show the substrate used for growth rate testing. Measurements for each population were compared with the growth rate of the wild-type strain and the log2 ratio is reported to compare growth rates. An asterisk (*) indicates cases where the evolved population exhibited slow, almost imperceptible growth relative to the wild-type strain. Of the remaining evolutionary gene expression changes, genes that exhibited similar significant differential expression in at least six of the seven parallel evolution populations represented consistent gene expression changes that were implicated in general evolutionary mechanisms. Excluding the compensatory gene expression changes, the average number of evolutionary gene expression changes found in the glycerol and lactate evolution populations were 1109 and 203, respectively. Of these changes, only a small percentage was found to be in common across parallel evolution populations. For the glycerol evolution populations, 70 genes (51 annotated) showed changes in common to at least six of the seven populations (Table 1) . Evolution on glycerol was found to increase gene expression in seven tRNA genes and decrease gene expression in 23 motility and flagellar genes, as categorized by the MultiFun (Serres and Riley 2000; Serres et al. 2004 ) gene ontology system. This change in motility was tested and verified using a motility assay in 0.3% semi-solid agar (Kirov et al. 2002) where the endpoint glycerol populations showed decreased motility (see Supplemental Figure 1 ). The lactate evolution populations had only two genes in common in at least six of the seven lactate-evolved populations (Table  1) , one of which was the ppsA gene that encodes phosphoenolpyruvate synthase that would be necessary for conversion of pyruvate to phosphoenolpyruvate after conversion of lactate to pyruvate.
A final analysis was performed on the gene expression data where genes were organized into known regulon (Keseler et al. 2005) associations to identify specific regulatory mechanisms dominantly active during adaptive evolution. Regulons exhibiting changed transcriptional states were selected by tabulating the percentage of genes within the regulon that showed significant expression changes and calculating a P value using the hypergeometric distribution to assess statistical significance. A number of regulatory mechanisms appeared to be active at day 1 of evolution involving global regulators. Both the lactate strains and the glycerol strains exhibited initial changes in regulons associated with phoB, cra, rpoN, and crp (see Supplemental Table 2 ). These regulatory effects, however, were not generally preserved over the course of evolution in the individual evolution populations and thus likely represent an initial cellular response only during the early stage of evolution.
Discussion
In this study, laboratory evolution of the wild-type E. coli K12 MG1655 strain was used to investigate adaptive evolution and probe the underlying mechanisms driving the evolutionary process. Quantitative phenotype measures of GR, SUR, OUR, GR on alternative carbon sources, and genome-wide transcript levels were conducted to assess the reproducibility of endpoint phenotypes and gain insight into mechanistic processes at work during evolution. It was found that (1) quantitative measurements of the growth phenotype throughout evolution revealed a generally convergent growth phenotype at the end of adaptive evolution despite apparent divergent evolutionary paths; (2) the transcriptional state of each evolution population was very different, despite similarity in endpoint growth phenotypes; and (3) the evolutionary gene expression response involves an initial widespread expression shift followed by a large number of compensatory gene expression changes and a smaller number of adaptively beneficial changes common across parallel evolution strains.
Figure 4.
Gene expression changes in lactate evolution populations throughout the course of adaptive evolution as compared with glucose wild-type expression profile. Growth rate changes throughout evolution are shown as a function of day of evolution with expression profiling performed at days 1, 20, and 60 of evolution. Significant expression changes from the wild-type strain grown on glucose were calculated by t-test using P-value cut-off corresponding to a false-discovery rate of 5%. By this calculation, the number of genes showing statistically significant expression changes tabulated below the plot at either increased expression compared with the wild-type (Up), decreased expression compared with the wild-type (Down), or no change in expression (No change). Percentages given in each cell indicated the percentage of genes falling within the category as a portion of the total genes.
The endpoint growth phenotype convergence shows the generally reproducible phenotypic outcome of adaptive evolution in line with other current findings (Orr 2005) . Within the context of the fitness landscape concept, this finding suggests that distinct peaks of increased adaptive fitness exist and that they may be achieved via different evolutionary paths. The divergence of evolutionary paths during evolution and convergence at the endpoint of evolution were supported not only by growth characteristics on the evolutionary substrate but also by growth characteristics on nonevolutionary substrates. Although almost all populations ultimately evolved to a similar improved growth phenotype, they all evolved differently, with some populations (LacE and GlyC) apparently becoming functionally limited. Whether the fitness peaks observed in this study represent global optima and may be addressable in future studies through perturbation of the evolutionary starting point remains an open question.
Global gene expression profiling of the endpoint evolution populations showed wide diversity in evolved transcriptional states despite being evolved in parallel and showing generally convergent growth phenotypes. This observation further provides evidence that the evolution populations used different means of achieving similar growth phenotypes during evolution and hints at the metabolic flexibility and robustness of E. coli. These results also indirectly support computational results that indicate the presence of thousands of metabolic pathway combinations that lead to identical, manifest phenotypes (Mahadevan and Schilling 2003) .
Studying the changes in mRNA transcript profiles over the course of adaptive evolution indicated the presence of a dynamic, multiphase transcriptional response. The initial adaptive response to a simple environmental perturbation resulted in a large-scale general change in the transcriptional state of E. coli that appeared to be caused in part by global regulatory effects and may be linked to the dramatic decrease in growth rate (Liu et al. 2005) . This initial transcriptional response is followed by compensatory gene expression changes during evolution that act to return most of these mRNA transcripts back to basal levels with only a relatively small subset of the initial gene expression changes remaining at the end of evolution. Just as it is possible to have noncausal genetic mutations (Elena and Lenski 2003) , this evolutionary transcriptional process reveals the presence of noncausal changes in gene expression (those that seemingly do not affect the cellular phenotype), particularly at the early stages of adaptive evolution. It is only after many of these noncausal gene expression changes are removed through compensatory changes that adaptively beneficial gene expression changes are found, such as the decreased expression of flagellar and motility genes in the evolved glycerol populations. Interestingly, the conserved intracellular ATP that would result from reduced expression and activity of these gene products could possibly be one factor driving faster adaptation of E. coli to glycerol than to lactate.
Overall, the results of this study provide a novel dynamic view of the adaptive evolution process. The results suggest that growth adaptation and evolution appear to involve compensatory gene expression changes that essentially deselect unnecessary expression changes that occur as part of the general initial adaptive response, as well as positive selection of beneficial gene expression changes. Our analysis indicates that the initial growth adaptation is manifested through widespread gene expression Figure 5 . Gene expression changes in glycerol evolution populations throughout the course of adaptive evolution as compared with glucose wild-type expression profile. Growth rate changes throughout evolution are shown as a function of day of evolution with expression profiling performed at days 1, 20, and 44 of evolution. Significant expression changes from the wild-type strain grown on glucose were calculated by t-test using P-value cut-off corresponding to a false-discovery rate of 5%. By this calculation, the number of genes showing statistically significant expression changes tabulated below the plot at either increased expression compared with the wild-type (Up), decreased expression compared with the wild-type (Down), or no change in expression (No change). Percentages given in each cell indicated the percentage of genes falling within the category as a portion of the total genes.
Evolution leads to different transcription states
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Methods
Adaptive evolution
Evolution cultures were propagated from fresh cultures of the wild-type E. coli strain K-12 MG1655 from the American Type Culture Collection (Rockville, MD). Cultures were conducted in 250 mL of M9 minimal medium supplemented with 2 g/L of lactate or glycerol in covered 500-mL Erlenmeyer flasks using magnetic stir bars for aeration (Ibarra et al. 2004 ) at 30°C. The cells were grown overnight and allowed to reach midexponential growth (A 600 Յ 0.5) before being diluted by passage into fresh medium. Passage of each culture into fresh medium was conducted in a biosafety cabinet using standard sterile technique practices. The amount of dilution at each passage was adjusted daily to account for changes in growth rate (typically between 5 ‫ן‬ 10 5 and 5 ‫ן‬ 10 8 cells were passed during each inoculation) shown in Figure 1 . The optical density (OD) following dilution typically had an absorbance of A 600 Յ 2.4 ‫ן‬ 10 ‫6מ‬ . Batch growth and serial passage were conducted for 60 days for all lactate cultures (∼1000 generations) and for 44 days for all glycerol cultures (∼600 generations), at which point a stable growth rate was achieved. Evolution populations were generated in identical conditions in four batches: (1) populations Lac2 and Lac3 (Fong et al. 2003) ; (2) populations LacA, LacB, LacC, LacD, and LacE; (3) populations Gly1 and Gly2 (Ibarra et al. 2002) ; and (4) populations GlyA, GlyB, GlyC, GlyD, and GlyE. Serial passage also maintained a state of prolonged exponential growth such that each culture never entered stationary phase. Throughout the course of evolution, samples of each evolution population were flash frozen using liquid nitrogen and stored in a freezer at ‫°08מ‬C.
Phenotype testing
Phenotypic characterization of the evolved cultures was conducted at day 0, at day 20, and at the endpoint of evolution to quantitatively determine the phenotypic changes during the adaptive evolutionary process. For each time point examined, pre-cultures were grown overnight and used to inoculate fresh medium for a batch culture. The GR, SUR, and OUR were measured throughout the course of exponential growth (Ibarra et al. 2004 ) by periodic sampling of each batch culture. The GR was determined by measuring the OD of growing cultures over time using a spectrophotometer (A 600 and A 420 ). The SUR was determined by monitoring the depletion of the carbon source in filtered media samples over time with UV detection by HPLC or an enzymatic assay. The OUR was determined by measuring the dissolved oxygen depletion in a respirometer with a polarographic dissolved oxygen probe. Biomass correlations were determined by measuring the optical density of the culture and filtering a set volume of culture onto a preweighed filter that was weighed after being dried to constant weight. All phenotype testing was performed in replicate.
Growth on alternative carbon sources was evaluated using the Bioscreen C plate-reader system (Thermo Labsystems, Franklin, MA). This system measures the optical density of up to 200 cultures (using two 100-well plates) for each experiment in a temperature-controlled environment. For each experiment conducted on the Bioscreen C system, pre-cultures were grown overnight and allowed to reach mid-exponential growth (A 600 Յ 0.5). Approximately 5-7 µL of these cultures were used to inoculate the multi-well Bioscreen C plates containing 300 µL of medium, yielding an initial A 600 OD between 0.06 and 0.07. Each experimental run was conducted with an associated negative control sample containing blank medium and a positive control sample with wild-type cells. Growth on nine different carbon sources (acetate, alpha-ketoglutarate, glucose, glycerol, lactate, malate, pyruvate, ribose, and succinate) was tested. The plates were incubated at 30°C and monitored in the Bioscreen C system for a period of 24-48 hours, taking measurements every 15 minutes with continuous shaking between measurements. Growth rates were averaged across a minimum of four replicate cultures with as many as 12 replicates being conducted for some conditions. Replicate growth rate measurements varied by >5%.
Transcriptional analysis
Affymetrix E. coli Antisense Genome Arrays were used for all transcriptional analyses. Each experimental condition was tested in triplicate on the carbon source used for evolution (glycerol or lactate) using independent cultures and processed following the manufacturer-recommended protocols. Although different experimental designs could be used to study the adaptive and timecourse responses, analyses in this study used two different types of controls. Three replicates of the wild-type strain grown on glucose were used as a common reference point for all experiments, and replicates of the unevolved wild-type strain grown on Figure 6 . Evolutionary gene expression changes for lactate-and glycerol-evolved populations. Statistically significant gene expression changes between day 1 expression profiles and endpoint expression profiles (day 60 for lactate, day 44 for glycerol) were tabulated in four categories. Genes in category 1 had changed expression at day 1 in response to the environmental shift and had an additional change in expression during evolution. Genes in category 2 had changed expression at day 1 in response to the environmental shift but no additional expression change during evolution. Genes in category 3 only exhibited an expression change during evolution, and genes in category 4 showed no change in expression at either day 1 or at the endpoint of evolution. It should be noted that genes falling within category 1 can have expression changes during evolution that amplify expression changes observed at day 1 (larger magnitude change in same direction) or that compensate for expression changes at day 1 (similar magnitude change but in opposite direction). The percentage given for numbers in category 1 indicates the number of genes (e.g., 82%: 82 of the 100 genes in Lac3) exhibiting compensatory expression changes during evolution for that strain (i.e., initial environmental change caused increased expression and evolution led to decreased expression back to wild-type expression level).
either glycerol or lactate were used as a baseline for each evolution experiment. Overall, 96 genome-wide expression profiles were generated in this study (3 wild-type glucose controls, 3 wildtype glycerol controls, 6 wild-type lactate controls, 21 day-20 glycerol profiles, 21 day-44 glycerol profiles, 21 day-20 lactate profiles, and 21 day-60 lactate profiles). All replicate expression profiles were biological replicates. General reproducibility of the expression profiles was assessed using the six replicates of the wild-type strain grown on lactate. No significant differential expression was observed when the profiles were divided into two groups of three and compared with each other via the same procedure used throughout this study (all possible combinations tested, data not shown). Cultures were grown to mid-exponential growth phase (OD A 600 ≈ 0.5). Culture (3 mL) was added to 6 mL of RNAprotect (Qiagen), and RNA was isolated using RNeasy kits (Qiagen) following the manufacturer's instructions. Total RNA yields were measured using a spectrophotometer (A 260 ) and quality was checked by visualization on agarose gels and by measuring the sample A 260 /A 280 ratio. cDNA synthesis, fragmentation, and terminal labeling were conducted as recommended by Affymetrix. Raw .CEL files were analyzed using robust multi-array average (Irizarry et al. 2003) for normalization and calculation of probe intensities.
Expression values were then assessed for statistically significant differential expression using t-tests. After conducting pairwise t-test comparisons between evolved and wild-type strains, those genes meeting a 5% FDR-adjusted P-value cut-off were chosen as differentially expressed. Downstream analyses of these differentially expressed genes included examining their associated MultiFun (Serres and Riley 2000; Serres et al. 2004 ) functional group classifications and studying the percent differential expression of entire regulons (Keseler et al. 2005) .
The probability (P-value) of the observed regulon enrichment of differentially expressed genes was calculated using the hypergeometric distribution (Cora et al. 2004) :
where N (=4345) is the total number of E. coli genes listed on the Affymetrix GeneChip, r is the total number of genes that are a part of the regulon, n is the number of differentially expressed genes, and y is the number of genes that are differentially expressed and a member of the regulon. 
